This work investigates the dependence of the hot-electron energy relaxation in InN epilayers on electron density. From the high-energy tail of photoluminescence, the electron temperature of the hot electrons was determined. Acoustic phonons have an important role in the energy relaxation of the hot electrons. The density-dependent electron energy loss rate in InN can be explained by a combination of longitudinal optical and acoustic phonon emissions. A slowing of energy loss rate at high electron densities was observed and attributed to piezoelectric coupling to acoustic phonons.
I. INTRODUCTION
Group-III nitride semiconductors have recently attracted much attention because of their applications in the ultraviolet to near infrared regions by proper alloying. Among the group-III nitride semiconductors, InN has attracted considerable attention due to its unusual physical properties and potential applications in optoelectronic devices, such as lightemitting diodes, lasers, high-speed electronics, and highefficiency solar cells.
1-3 Studies of electron energy relaxation have produced information about the electron-lattice scattering and electron-electron scattering because the electron relaxation is associated with inelastic collisions with the phonons and electrons. An understanding of electron energy relaxation in semiconductors is thus of fundamental interest in the physics of semiconductors and is important in the design and evaluation of devices. [4] [5] [6] When excess energy is supplied to an electron by optical excitation, the photogenerated electron becomes hot. The hot electrons then relax toward a less energetic state via two competing processesscattering with other electrons and emission of phonons. 7 The first process increases the temperature of electrons, which are thermalized among themselves due to electronelectron scattering. The thermalized electrons then transfer energy to the lattice via phonon emission. Under steady-state excitation conditions, the electron temperature can thus be determined by the interaction between the power supplied to the electrons and the power lost from the electrons to the lattice via phonon emission.
In recent years, many studies have been performed to investigate the energy relaxation of hot carriers and/or phonon lifetimes in InN. For example, Chen et al. 8 studied hotelectron relaxation in InN at room temperature by transient transmission, observing fast initial hot carrier cooling, followed by a slow recombination process with characteristic decay times of 300-400 ps. Zanato et al. 9 determined the hot-electron cooling rate via longitudinal optical ͑LO͒ phonons in InN by making high-speed I-V measurements. They found an effective electron-LO phonon lifetime of 200 fs and used the hot-phonon effect to explain the reduction in the rate of energy relaxation. The authors of the present work have also investigated the energy relaxation of electrons in InN epilayers by excitation-and electric field-dependent photoluminescence ͑PL͒, obtaining similar results to those of Zanato et al. 9 All of the cited studies suggest that LO phonon emission is the dominant energy relaxation process in InN. [8] [9] [10] However, few studies of the properties of acoustic phonons in InN are available. Tsen et al. 11 measured the lifetimes of the A 1 ͑LO͒ and E 1 ͑LO͒ phonons in InN by timeresolved Raman scattering. They demonstrated that both LO phonons decay primarily into a transverse-optical phonon with a large wave vector and an acoustic phonon with a large wave vector. However, acoustic phonon emission in the energy relaxation of hot carriers has not yet been discussed. The inelastic collisions that cause the hot electrons to lose energy may include the acoustic phonon emission, particularly at low electron temperatures. This work investigates the dependence on the electron density of electron relaxation in InN epilayers using PL. The high-energy tails of PL were characterized by effective electron temperature, which increases with excitation intensity. The energy relaxation of the hot electrons in InN can be explained by a combination of the acoustic and LO phonon emissions.
II. EXPERIMENT
InN epilayers were grown on sapphire substrates by metalorganic vapor phase epitaxy. First, a low-temperature 20-nm-thick GaN nucleation layer was deposited at 500°C; then, a 2-m-thick GaN layer was grown at 1000°C. An InN layer with a thickness of 150 nm was grown on the GaN buffer layer. The details of the growth method are described elsewhere. 12 The samples were further treated by rapid thera͒ Author to whom correspondence should be addressed. Electronic mail: jlshen@cycu.edu.tw.
mal annealing ͑RTA͒ in an environment of O 2 . RTA has been proven to be an effective technique for eliminating nonradiative defects in InN and improve sample quality. 12 The annealing reduces carrier concentration and causes a redshift and a line-width narrowing of the PL band, which have been explained by a decrease in the density of defects or impurities. 12 The RTA of samples D, C, B, and A was performed with an annealing time of 30 s and a ramp rate of 30°C / s at temperatures of 200, 300, 400 and 500°C, respectively. ͑Sample E was untreated.͒ The electron concentrations of InN samples were obtained from the Hall-effect measurements at room temperature, and the results are shown in Table I . The PL measurements were obtained using a focused Ar ion laser operated at a wavelength of 514.5 nm as the excitation source. The sample was mounted on a closed-cycle helium cryostat at temperature of T = 15 K. The collected luminescence was dispersed by a 0.75 m spectrometer and detected using an extended InGaAs detector. Figure 1 shows the high-energy tails of PL of five InN samples with different free electron densities for various excitation densities. The energy of the PL increases monotonically with the electron concentration. The blueshift in the PL peak is caused by the Burstein-Moss effect that originates from the shift in the Fermi level above the bottom of the conduction band as the electron concentration increases. The PL peak energy E PL can be estimated from the Fermi energy E F and E g ͑n͒,
III. RESULTS AND DISCUSSION
where n is the electron concentration and E g ͑n͒ is the carrierconcentration-dependent band gap, which approaches the band gap E g ͑n͒ → E g at vanishing concentration. When the nonparabolicity effect is considered, the dependence of the PL peak energy E PL on concentration can be expressed as
where m 0 is the free electron mass and m ‫ء‬ is the effective mass of an electron. A plot of PL peak energy versus carrier concentration enables the PL spectrum to be used to estimate free carrier concentration in degenerate InN. 12 In hot-electron PL, photoexcitation creates energetic electrons in the conduction band, which relax toward a less energetic state by transferring energy to the lattice and other electrons. If the electron-electron collision rate is larger than the phonon emission rate, then the nonequilibrium electron population in the electron gas relaxes toward a Maxwell distribution and can be characterized by an electron temperature ͑T e ͒, which is higher than the lattice temperature ͑T l ͒. 7 In Fig. 1 , each tail exhibits an exponential dependence on the phonon energy, indicating that the electrons in InN are thermalized after photoexcitation, enabling a well defined T e to be extracted. Figure 2 plots the inverse T e versus the excita-TABLE I. Properties of investigated samples and parameters used for calculations of pump power per electron P e : electron concentration n, electron mobility , absorption length d, the part of the photon excess energy obtained by an electron W, and ratio of LO phonon emission to the acoustic phonon emission . tion power for five InN samples with different free electron densities. In Fig. 2, the To determine the cooling mechanism that governs the relaxation of hot electrons, the rate of energy loss of acoustic and optical modes in InN was calculated. The rate of energy loss per electron due to the emission of acoustic phonons ͓including piezoelectric ͑PE͒ and deformation potential modes͔ is given by 14 P e,ac ͑T e ͒ = 3͑m
where k F = ͑3 2 n͒ 1/3 is the Fermi wave vector, A c is the conduction-band deformation potential, is the mass density, and C LA͑TA͒ is the directionally averaged PE coupling constant for longitudinal ͑transverse͒ modes. For InN with the wurtzite crystal structure, C LA and C TA are given in terms of the three independent PE parameters, e 15 Figure 3 plots the calculated average rate of energy loss in InN as a function of the electron temperature. In the calculations, the electron density was taken to be n = 2.4ϫ 10 18 cm −3 ͑the value for sample A͒. The open circles ͑solid triangles͒ are results calculated using Eq. ͑3͒ ͓Eq. ͑6͔͒ and the solid line represents a combination of both equations. Figure 3 indicates that the energy relaxation of hot electrons proceeds mainly via acoustic phonon emission at electron temperatures Ͻ80 K. For electron temperature Ͼ80 K, the LO phonon emission dominates. This observation is in agreement with the experimental results in Fig. 2 , revealing that the LO phonon is not the only phonon that contributes to the energy loss of the hot electrons.
To simulate the experimental rate of energy loss per electron, the total power loss rate P tot is assumed to be a combination of P e, LO and P e,ac ,
where is the ratio of LO phonon emission to the acoustic phonon emission. Based on Eq. ͑7͒, the rate of energy loss rate, including that due to LO and acoustic phonon emission, is analyzed. However, the power balance equation is used to obtain the experimental power loss rate. In the steady state, the electron population increases with the excitation density, and enhanced electron-electron scattering increases the fraction of available energy that is shared with the electron gas. Thus, the electron temperature T e can be determined by balancing the rate of generation of the energetic electrons with the rate of energy loss from the electrons to the lattice. For the photoexcitation the pump power per electron P e given to the electron is given by
where I is the laser power absorbed per unit area, d is the absorption length at the laser energy, and W is the part of the photon excess energy obtained by an electron. Table I presents the values of the parameters used in Eq. ͑8͒. d was obtained by making optical absorption measurements ͑not shown͒. As displayed in Table I , d increases with n. Recently, Wu et al. 17 studied the effects of electron concentration on the optical absorption in InN. The electron concentration dependence of the optical absorption edge energy is explained by the free electron induced Burstein-Moss shift. 17 Based on their measurements, the absorption coefficient at a given excitation energy decreases as electron concentration increases. The increase in d with n can be thus understood by the Burstein-Moss effect since the absorption coefficient is inversely proportional to the absorption length. Figure 4 plots the dependence of power loss rate on the acoustic phonon emission, LO phonon emission, and a combination of both. The good agreement between the measured ͑the open circles͒ and the calculated ͑the solid lines͒ power loss rates indicates that the calculations should include both the acoustic and LO phonon emissions to explain the energy loss rate in InN. In the fits, increases with n, implying that the electron-LOphonon interaction increases with n. As can be seen in Fig. 4 , the dominant energy loss mechanism is the acoustic phonon emission for n Յ 3.3ϫ 10 18 cm −3 . Crossover of the acoustic-LO phonon emission is observed as n increases, and the LO phonon emission becomes dominant for n Ն 1.6 ϫ 10 19 cm −3 . Notably, the LO phonon emission is always dominant in the high electron-temperature region ͑see Fig.  3͒ . Figure 5 plots the power loss rate as a function of n at a fixed electron temperature of 75 K ͑the data were extracted from Fig. 4͒ . The energy loss rate decreases as n increases. Yoffa 18 explained the decrease in the energy loss rate at high electron density by the screening of the electron-polar optical phonon interaction. According to Yoffa's 18 calculations, the critical electron density n c for the onset of screening in polar direct-gap semiconductors is
where is the phonon frequency and s is the static dielectric constant. When the electron temperature is 75 K, a value of n c = 1.16ϫ 10 17 cm −3 is obtained. The screening of a high density of photogenerated electrons reduces the emission rate of phonons from hot electrons by a factor of 1 + ͑n / n c ͒ 2 . The dashed lines in Fig. 5 represent the effect of screening on the energy loss rate, revealing that the screening of electrons cannot explain our results. However, the power loss rate P e is proportional to n 2/3 for the PE interaction. 19 Based on this relation, the energy loss rate is simulated according to P e ϰ n 2/3 , and the results are plotted as the solid line in Fig. 5 . The calculated decrease in the power loss rate agrees closely with the experimental values. Thus, the reduction in the power loss rate at high electron density can be well explained by simply invoking the PE coupling to acoustic phonons.
IV. SUMMARY
The density-dependent energy relaxation of hot electrons is obtained from the excitation-dependent PL. The highenergy tails of PL can be characterized by effective electron temperatures, which increase with increasing excitation intensity. LO phonon emission alone cannot explain the relationship between the electron temperature and the electron energy loss rate. Instead, a model based on a combination of both the acoustic and LO phonon emissions can be used to explain the electron energy loss rate. Acoustic ͑LO͒ phonon emission is the dominant energy loss mechanism below ͑above͒ ϳ80 K. Reductions in the energy loss rate at high electron densities were observed in InN. The screening of the electron-LO phonon interaction does not affect the energy loss. However, the decrease in the energy loss rate is explained by invoking PE coupling to acoustic phonons. 
ACKNOWLEDGMENTS

